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Summary
Laser-scanning imaging techniques are frequently used to
probe the molecule spatial orientation in a sample of inter-
est by exploiting selection rules depending on the polarisation
of the excitation light. For the successful implementation of
these techniques the precise control of the polarisation at the
sample level is of fundamental importance. Polarisation dis-
tortions induced by the optical elements are often the main
limitation factor for the maximum size of the field-of-view in
polarisation-resolved (PR) laser-scanning microscopy, since
for large scanning angles the polarisation distortions may
mask the real sample structure. Here we shall demonstrate
the implementation of large-field-of-view PR microscopy and
showPRCARS imaging ofmouse spinal cord thanks to a care-
ful design of the laser-beam optical path. We shall show that
this design leads to strongly suppressed distortions and quan-
tify their effects on the final images. Although the focus of this
work is on CARS imaging, we stress that the approaches de-
scribed here can be successfully applied to a wide range of PR
laser-scanning techniques.
Introduction
PR laser-scanning microscopy is a term that encom-
passes a broad range of laser-scanning imaging tech-
niques that share the ability to probe the sample proper-
ties by exploiting polarisation-dependent effects and different
signal-generation processes, including single-photon (Finzi &
Bustamante, 1988; Steinbach et al., 2009; Kress et al.,
2013) and two-photon fluorescence (Gasecka et al., 2009;
Savoini et al., 2012; Ferrand et al., 2014), label-free, second-
harmonic generation (Plotnikov et al., 2006; Tiaho et al.,
2007; Gusachenko et al., 2010; Duboisset et al., 2012;
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Mazumder et al., 2012), and sample absorption (Finzi &
Bustamante, 1988; Gupta & Kornfield, 1994).
Recently, novel label-free polarisation-resolved laser-
scanning techniques were also presented based on four-wave
mixing imaging (Munhoz et al., 2012; Bioud et al., 2014)
and Coherent Anti-Stokes Raman Scattering (CARS) imaging
(Zimmerley et al., 2010;deVito et al., 2012;Bioud et al., 2014).
The latter is a powerful and innovative technique that relies
on the coherent build-up of Raman anti-Stokes signal from
resonant coherently oscillating molecular dipoles (Maker &
Terhune, 1965). This label-free imaging technique is based
on chemical contrast, like traditional Raman microimaging,
but the signal intensity is typically several orders ofmagnitude
stronger than spontaneous Raman, therefore enabling rapid
imagingwith high signal-to-noise ratio (SNR). CARS is a four-
wave mixing process in which the energy difference of a pair
of incoming (‘pump’ and ‘Stokes’) photons matches the en-
ergy of one ormore vibrational modes of the target molecules.
These coherently excited vibration modes are then probed by
a third photon (‘probe’) and relax to the ground state via the
emission of a fourth photon (the CARS signal). Due to the
process selection rules, if the target molecular bonds are ori-
ented anisotropically inside the PSF volume, then the CARS
signal intensity is dependent on the orientation of the incident
beams polarisation planes. Recently, a new CARS technique
was presented, called ‘RP-CARS’ (de Vito et al., 2012), which
actively exploits this polarisation-dependent effects in order
to measure the in-plane anisotropy of the molecular bonds of
interest. Briefly, in this technique the CARS signal originating
from each raster-scan point is probed with different orienta-
tions of the linearly polarised pump-and-probe incident beam
(while the Stokes beam is kept circularly polarised) and then
the amplitude and the phase of the Fourier components of
the CARS signal are retrieved (de Vito & Piazza, 2014). The
amplitude (A2ω) of the Fourier component of the CARS signal
at twice the rotation frequency of the polarisation plane is a
measure of how much the raw CARS signal varies during a
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rotation of the waveplate and consequently it quantifies the
in-plane anisotropy of the resonant molecular bonds orienta-
tion inside the PSF volume. The phase value () indicates the
average spatial orientation of the dipoles. This approach was
successfully exploited in a recent paper (de Vito et al., 2014) to
determine in real timeand ina label-free all-optical scheme the
myelin health status in a chemical model of demyelination.
In all of the aforesaid scanning imaging techniques it is of
crucial importance that the polarisation distortions induced
by the optical elements, in particular dichroic mirrors (DMs),
are made as small as possible, for example, by compensating
themwith a combination ofλ/2 andλ/4waveplates (Be´langer
et al., 2009)orbyaddingamatcheddichroic to theoptical path
(Be´langer et al.,2015).Distortions introducedbydichroics typ-
ically vary strongly when the light incidence angle is changed
by thegalvanometricmirrorsduring the raster scanningand it
does not seem feasible to compensate those distortions simply
by adjusting the retarders in real time during the image acqui-
sition. This issue is often the main limiting factor for the field-
of-view in polarisation-resolved laser-scanning microscopy.
A postprocessing approach was also developed (Bioud et al.,
2014) to subtract the preliminarily characterised distortions
for small scanning angles from the detected signal. In this pa-
perwe present an original optical arrangement that allows for
large-field RP-CARS microscopy with highly reduced distor-
tions over the entire field-of-view.We stress that our approach
can be straightforwardly implemented also in other types of
PR laser scanning microscopies.
Materials and methods
Imaging setup
Our RP-CARS setup is schematically shown in Figure 1 (left).
The 810 nm pump-and-probe beam is generated by a Ti-Sa
pulsed laser (‘fs Laser’, Chameleon Vision 2, Coherent Inc.,
Santa Clara, California, U.S.A.). Part of this beam is used
to pump an Optical Parametric Oscillator (‘OPO’; Oria IR,
Radiantis, Barcelona, Spain) and the 1060-nm signal beam
generatedbytheOPOisusedas theStokesbeam(the idlerbeam
of the OPO is dumped). The Ti–Sa laser is optically isolated
from the OPO by a Faraday isolator (‘Is’), in order to prevent
back-reflections from the OPO entering the laser cavity. Each
beam passes through an SF6 optical-glass block (G and G′)
and a telescopic beamexpanders (BE andBE′). The thicknesses
of the optical glass blocks were carefully chosen in order to
achieve spectral focusing (Rocha-Mendoza et al., 2008) in the
sample optical plane by optimal tuning of the pulses group
delay dispersion. Before being recombined bymeans of a 900-
nm long-pass dichroic mirror (‘D’) the Stokes beam is delayed
by a delay line (‘DL’) in order to be temporally overlappedwith
the pump-and-probe beam and each beam passes through a
pair of waveplates. Specifically, the Stokes beam is circularly
polarised by means of a pair of λ/4 retarders (‘λ/4’) that also
Fig. 1. Left: RP-CARS setup. Femtosecond laser (fs Laser), Faraday optical
isolator (Is), optical parametric oscillator (OPO), SF6optical glasses (G and
G’), beam expander (BE), dichroic mirrors (DM, DM’), rotating half-wave
plate (R-λ/2), quarter-wave plate (λ/4), delay line (DL), galvanometric
mirrors (XY), sample (S), microscope objective (Obj), condenser (Cond),
band-pass filter (BP), photomultipliers (PMT). The custom-made software
(Software Lock-in) computes Adc, A2ω and  values from the detected
signals. Thick red, greenandblue lines show the paths of the pump, Stokes
and signal beams respectively. Right: Detail of the laser-scanning optics,
showing the scan lens (SL), the compensation lens (CL), the tube lens (TL,
inside the microscopy body), the objective (Obj), and the galvanometric
mirrors (XY). The blue dash-dotted line indicates the optical axis. The red
lines indicate the beam path.
compensates for polarisation distortions induced by the
downstream DMs; whereas a mechanically rotating λ/2
retarder (‘R-λ/2’) is used in order to continuously rotate
the polarisation plane orientation of the linearly polarised
pump-and-probe beam and a second fixed λ/4 retarder (‘λ/4’)
on the pump-and-probe beam line is used for the polarisation
distortions compensation. The combined pump-and-probe
and Stokes beams are then routed to the high-numerical-
aperture (NA) lens (‘Obj’, Objective C-Achroplan W, 32X,
NA = 0.85, Carl Zeiss MicroImaging GmbH, Go¨ttingen,
Germany) of an inverted microscope (Axio Observer Z1, Carl
Zeiss MicroImaging GmbH, Go¨ttingen, Germany) through
a pair of galvo-scanning mirrors (‘XY’, GVS002, Thorlabs,
Newton, New Jersey, U.S.A.), a scan lens, a dichroic mirror, a
compensation lens, and a tube lens. This lens arrangement is
further described in the ‘Results and discussion’ section of this
paper. The CARS signal originated from the sample (‘S’) is col-
lected both in the trans-direction by a condenser lens (‘Cond’,
NA = 0.55) and in the epi-direction and then detected by
means of red-sensitive photomultiplier tubes (‘PMT’, R3896,
Hamamatsu, Hamamatsu City, Japan). In the trans-direction
the CARS signal is edge-filtered to remove the pump photons
and band-pass filtered (BP, filter centred at 650 nm and with
a full width at half maximum of 50 nm) to select the Raman
band of the CH2 bonds (2850 cm−1). In the epi-direction
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the CARS signal is routed to the detector by means of a
dichroic mirror (‘D’) situated between the compensation lens
and the scan lens and then filtered in the same way as the
trans-direction signal (‘BP’) and focalised by an additional
lens. Silver-coatedmirrors are labelled with ‘M’. The output of
the photomultiplier tubes and the signal generated by theHall
sensor of the brushless motor that rotates the λ/2 waveplate
are acquired by a digital acquisition board (‘Software Lock-in’,
USB-6366, National Instruments Corporation, Austin, Texas,
U.S.A.) and elaborated by a custom-made software (written
in LabVIEW programming language, Lab-VIEW 2010 SP1,
National Instruments Corporation, Austin, Texas, U.S.A.)
running on a PC to compute – in real time and for each pixel
– the dc component (Adc), A2ω, and  of the raw CARS signal.
This acquisition method was described in great details in de
Vito & Piazza (2014).
Biological sample preparation and observation
Unfixed spinal cord of a 23-month-old wild-type mouse
(C57BL/6 strain, Harlan Italy, Correzzana, Italy) was used.
The spinal cord was frozen at −80 °C immediately after the
explant and kept at this temperature until the observation.
The thawed tissue was put in the central well of a Krebs–
Henseleit Buffer (K3753 Sigma-Aldrich, St. Louis, Missouri,
U.S.A.) filled WillCo dish (GWSt-3512, WillCo Wells, Ams-
terdam, the Netherlands) and kept immobilised with a glass
coverslip glued to the lateral polystyrene support of the dish.
The tissuewas finally imaged in epi-direction through the thin
(0.17 mm) glass bottom of the dish central well.
Results and discussion
The optical setup presented in this paper is specifically opti-
mised to obtain high acquisition rates and to retain at the
same time a sufficient SNR for polarisation-resolved CARS
imaging (RP-CARS). For this purpose, we have dedicated
particular attention to several technical aspects: the gen-
eration of the incoming beams, the spectral focusing, the
movements of the scanning mirrors, the minimisation of the
polarisations distortions and the optimisation of the acquisi-
tion process.
In the setup described in this paper, we have used anOPO in
order to generate the Stokes beam and exploited the principle
of spectral focusing (Hellerer et al., 2004) by dispersing the
Stokes and pump beams with glass blocks of carefully calcu-
lated lengths (Rocha-Mendoza et al., 2008). The thickness of
the optical glasses is computed in order to yield approximately
20,000 fs2 of GDD at the wavelengths here of interest for both
the beams (Ciofani et al., 2014). The acquisition process con-
sists, as described in de Vito & Piazza (2014), in repeatedly
scanning a line of the image with one galvanometric mirror,
whileat the sametimerotating theretarder (weusedarotation
frequency of 10 Hz for all the images in this article). During
the acquisition of the next line, a software algorithm recon-
structs the temporal evolution of the CARS signal for each
pixel and performs a lock-in-like phase-detection algorithm.
This approach requires moving the galvanometric mirrors at
high speed to allow collecting the signal from an entire line
multiple times within each rotation of the polarisation plane,
potentially causing imaging artefacts – images look ‘smeared’
at the border – at the two ends of each scanning line, where
the fast-scanningmirror has to decelerate and then accelerate
in the new scanning direction. In order to reduce these arte-
facts we perform the acquisition only in onemotion direction,
where the mirror position is set to change linearly with time,
at constant velocity (v0), and used a fourth-degree polynomial
to describe the mirror set-position x(t) versus time during the
return phase:
x(t) = a × t4 + b × t3 + c × t2 + d × t + e. (1)
For the set-position function to be as smooth as possible
(therebyminimizing the set/real positionmismatch), we have
imposed the following conditions: the function continuity at
the extremities, x(t0) = x0; x(−t0) = −x0, the velocity con-
tinuity at the end of the return phase, x˙(t0) = v0 = x0t0 , zero
acceleration at the end of the return phase, x¨(t0) = 0 and
zero velocity at the central temporal point of the return phase
x˙(0) = 0.
With those constrains, x(t) becomes
x(t) = − x0
4 × t40
× t4 + x0
t30
× t3 − 3 × x0
2 × t20
× t2 + 7 × x0
4
,
(2)
where 2 × x0 is the total deflection and 2 × t0 the time needed
for the mirror to cover it.
This approach successfully suppresses the smearing arte-
facts while keeping overall a high scan speed, albeit changing
the acquisition speed still produces a small but measurable
spatial shift of the images, caused by the lag in the mirror real
position versus set one.
As noted above, the DMs are themajor cause of polarisation
distortions and this is particularly true when the light inci-
dence angle on those mirrors varies during the scan. The DM
used to collect the signal in epi-direction must be positioned
as close as possible to the objective, in order to maximise the
collection efficiency. Conveniently, the DMmay be placed be-
tween the tube lens and the scans lens. An additional lens
mounted between the DM and the PMT images the objective
pupil onto the PMT surface. If the objective rear aperture is in
the focal plane of the tube lens, then it would be possible to
implement a 4-f configuration by placing the scan lens so that
its focal plane and that of the tube lens coincide. In this case
the incoming beam axis would always be parallel with respect
to the optical axis in the segment between the scan lens and
the tube lens, irrespective of the position of the galvanometric
mirrors. Therefore, its angle of incidence with respect to the
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DM would be always constant. However, if the objective rear
aperture is not in the focal plane of the tube lens, as in the case
of ours and other commercialmicroscopes, then it is not possi-
ble to achieve this ideal situation. However, we show that this
problem can be overcome by placing a compensation lens be-
tweentheDMandthetube lens,asdisplayed inFigure1(right),
and positioning the scan lens at a focal-length distance from
the galvanometric mirrors. In this way the incoming-beam
axis remains always parallel with respect to the optical axis in
the region between the two lenses and therefore through the
DM, independently from the galvanometric-mirror positions.
In order for the beam to be collimated in the objective rear
aperture, the distance between the compensation lens and the
tube lens (h′) and the distance (h) between the scan lens and
the compensation lens are adjusted so that the focal plane of
the virtual lens constituted by latter two coincides with the
focal plane of the tube lens.
ft + BFLs,c = h′, (3)
where BF Ls,c ≡ ( fs − h) × fc/( fs + fc − h) is the back focal
length of this virtual lens, and fs , fc , ft are the focal lengths of
the scan, compensation, and tube lenses, respectively. Finally,
in order to have constant illumination of the pupil throughout
the scanning range the set of the three lenses has to image the
scan mirrors onto the pupil of the objective, or – equivalently
– the latter has to be placed on the focal plane of the virtual
lens composed by the compensation and tube lenses:
BFLc,t ≡ ( fc − h′) × ft/( fc + ft − h′) = d , (4)
where d is the distance between the objective rear aperture
and the tube lens. Equations (3) and (4) show that, for a given
scan lens and tube lens, several combinations of fc , h′ and h
can be used, conveniently allowing to select the compensat-
ing lens from available stock lenses and determining h and
h′consequently.
In our microscope the scan lens was constituted of a pair of
achromatic lenses (AC254–200-B and AC254–150-B, with
focal lengths of 20and15 cm, respectively, Thorlabs,Newton,
NewJersey,U.S.A.), selectedbymeansof simulationswithOslo
66 to yield minimum aberrations. The lenses are placed with
their most convex optical surfaces facing each other, with the
20-cm lens mounted closer to the mirrors. The effective focal
length of this combinationwas calculated to be approximately
9.0 cm. In our microscope, we had: ft = 16.5 cm, d = 12 cm.
Selecting a compensation lens with a focal length of 60 cm,
yielded: h = 9.5 cm and h’ = 16 cm. Final adjustments to the
lens positions in the real setup were performed by maximis-
ing the field-of-view while keeping the CARS imaging plane
coincident with the naked-eye-observation plane.
To validate this approach we quantified the residual polar-
isation distortions in our setup by acquiring a nonresonant
large-scale RP-CARS image of a glass slide. Since the glass is
isotropic and amorphous in an ideal condition the A2ω signal
would be zero. Therefore, in real conditions, the ratio A2ω/Adc
(A) (B)
Fig. 2. (A) and (B) Nonresonant RP-CARS images (2850 cm−1) of the
glass bottom of a WillCo-dish plate taken with (A) and without (B) the
compensation lens. The images were built in the HSV (‘hue’, ‘saturation’,
‘value’) colour space, mapping the  values onto the ‘hue’ channel (as
shown in the colour wheel in the bottom right corner of (A) andmapping
the ratio between A2ω and Adc onto the ‘value’ channel, while keeping
the saturation channel values at maximum. The average local hue is
indicated by the direction of the white arrows, whereas the average local
value is indicated by their length. Scale bar: 25 microns. The length of
the arrow labelled with * corresponds to a ratio A2ω/Adc equals to 0.04.
Acquisition time: 6 minutes for 100 × 100 pixels. (C) Plot of the ratio
A2ω/Adc averaged over a circumference as a function of the radius of the
latter. The circumference is centred in the middle of the scan area.
is a measure of the residual polarisation distortions and the
phase indicates the spatial orientations of the induced distor-
tions. As displayed in Figure 2, the magnitude of the distor-
tions increases with the distance from the centre of the image.
Nevertheless, its maximum – approximately 6%, observed at
the periphery of the large-scale image – is negligible (approx-
imately five times smaller) with respect to the anisotropy val-
ues usually detected from the biological samples (e.g. myelin
sheaths of mouse nerves) with similar approaches (de Vito
et al., 2014).Without the compensation lens, it is still possible
to compensate for the polarisation distortions in the centre
of the image field but those distortions are consistently big-
ger than the first case over the whole area of the image field
(Fig.2C)and they increaseup to12.8%in the imageperiphery,
as displayed in Figure 2B.
Finally, we report an RP-CARS large-scale (0.5 mm ×
0.5 mm) image of a pair of mouse nerve rootlets at their point
of emergence from the spinal cord. The field of interest was
identified using bright-field microscopy (Fig. 3A) and then
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Fig. 3. Large-scale RP-CARS image (2850 cm−1, CH2 bonds) of a couple of mouse nerve rootlets at their point of emergence from the spinal cord. (A)
Bright-field image. Scale bar: 100 μm. The image is a mosaic, made by stitching 3 × 3 tiles acquired by moving the sample stage. (B) RP-CARS image of
the region in red square in (A), created by mapping Adc to grey-values. Scale bar: 50 μm. (C) RP-CARS image of the same region as in (B). This image
was created in the HSV colour space, mapping the values onto the ‘hue’ channel (as shown in the colour circle in the top right corner of the panel) and
mapping A2ω onto the ‘value’ channel, while keeping the saturation channel values at maximum. (B) and (C) are mosaics, made by automatic stitching
3 × 3 tiles acquired by scanning different field region with the galvanometric mirrors. Total acquisition time for CARS images: 47 minutes for overall
556 × 556 pixels.
Fig. 4. Box plot of the difference between the  values of the CH2 bonds
inside themyelinwalls and the spatial orientation angles of the respective
myelin walls in diverse areas of the image field depicted in Figure 3. The
blue line shows the zero difference point, that is, where the datawould lay
in absence of polarisation distortions. Themedian values of the differences
are reported on the respective bars.
imaged by RP-CARS to visualize the CH2-rich myelin of the
nervous fibres (Fig. 3B). The measured average spatial orien-
tation of the CH2 bonds inside the PSF is shown in (Fig. 3C). In
order toverify if thepolarisation-based information is correctly
retrieved even in the peripheral parts of this large-scale image,
we compared the spatial orientation of individualmyelinwalls
with their average  value. Since most of the CH2 bonds in-
side myelin are orientated parallel with respect to the wall
surface, in the absence of polarisation distortions the average
 value corresponds to the myelin wall orientation. Figure 4
demonstrates that the average  value coincides within the
experimental errors with the spatial orientation of the fibre
in the centre of the image (where the polarisation distortions
wereminimised by adjusting the compensating retarders) and
that they are extremely consistent (the average mismatch is
less than 7 degrees) even in the far peripheral areas of this
large-field image, where the polarisation distortions are the
largest.
Although theuse of ahigh-NAobjective leads to the genera-
tion of polarisation components along the optical axis, this has
a negligible effect on the orientation detection, because it does
not induce a deformation of the polarisation response (Scho¨n
et al., 2008).Moreover, for objectiveswithNA=0.85, such as
the one used in the present work, the polarisation component
along the optical axis is less than 10% of the transversal com-
ponent (Kang et al., 2010) and is therefore possible to neglect
its effects.
It shouldbenoted thatPR laser-scanningmicroscopycanbe
performedalsobyscanning thesampleandkeeping the incom-
ing rays fixed in space. If on the one hand this configuration
is very effective in minimizing the polarisation distortions all
over the field-of-view, on the other the acquisition is typically
very slowbecause it requiresmoving themicroscope stage. On
the contrary, themethods presented in this article,makinguse
of the galvanometric mirrors, allow for fast laser-scanning PR
imaging of large-spatial-scale quick phenomena, opening up
newpossibilities for the applications of thismicroscopy.An ex-
ample is given in a recent article (de Vito et al., 2014), where a
relatively fast (approximately45minutes) chemically induced
demyelination process is observed in high temporal (40 sec-
onds per frame) and spatial (pixel size: 0.5 micron) resolution
with RP-CARS without significant polarisation distortions in
the field-of-view (50 micron × 50micron).
Moreover, the preservation of the polarisation character-
istics of the incident beams all over the field can be useful
also in other CARS implementations, for example, P-CARS,
where linearly polarisedpump-and-probeandStokes beamsat
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different angles, and polarised detection, are used in order to
suppress the nonresonant background (Cheng et al., 2001).
Conclusions
Polarisation-resolved laser scanningmicroscopyencompasses
a set of powerful imaging techniques able to detect structural
information of the sample under investigation – for example,
theaverageorientationofCH2 bonds– inside the focal volume.
One of the most important limiting factors of these imaging
techniques is the size of the field-of-view, restricted from the
polarisation distortions induced by the optical elements for
sufficiently high scanning angles.
In this paper we discussed a practical approach able to op-
timize the RP-CARS imaging and particularly to maximise its
field-of-view and we quantify the amount of residual distor-
tions.While focusedonCARSimaging, theapproachdescribed
here can be successfully exploited in a wide range of other PR
laser scanning imaging techniques.
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